Chloroperoxidase from Caldariomyces fumago was immobilized in Eupergit ® C, a commercial mesoporous acrylic-based material. Due to low stability of the enzyme under neutral and basic pH, the usual covalent immobilization procedures cannot be applied to this enzyme. Several strategies were followed in order to achieve a stable interaction between the protein and the support. The support was efficiently functionalized with different reactive groups such as aromatic and aliphatic amines, glutaraldehyde, diazonium ions, and maleimide moieties; solvent-exposed amino acid residues in chloroperoxidase were identified or created through chemical modification, so that they were reactive under conditions where the enzyme is stable. Enzyme load and retained activity were monitored, obtaining biocatalysts with specific activity ranging from 200 to 25,000 U/g. The highest load and activity was obtained from the immobilization of a chemically-modified CPO preparation bearing a solvent-exposed free thiol group. This biocatalyst efficiently catalyzed the transformation of β-estradiol, an endocrine disruptor.
Introduction
Chloroperoxidase from Caldariomyces fumago (CPO) is an enzyme whose catalytic versatility (halogenase, peroxidase, peroxygenase and catalase) has attracted the interest of many scientists. As a result, CPO is one of the best characterized enzymes of its kind; its biochemical properties, crystallographic structure, catalytic mechanism, and method of production and purification have been studied and various applications in the environmental, materials, and fine chemicals areas have been extensively reported [for recent reviews, see [1] [2] [3] [4] [5] . A few recent examples illustrating the versatility of this enzyme are: the oxidation of recalcitrant, complex oil fractions such as asphaltenes to generate more reactive molecules [6, 7] ; the free radical-based synthesis of semiconductive polymers, such as halogenated polyaniline [8] ; the generation of bromohydrins useful in the flavour and fragrance industry [9] ; and the enantioselective sulfoxidation of precursors to obtain a particular enantiomer with desirable properties of otherwise racemic drugs, such as (R)-modafinil [10] .
On the other hand, there are a large number of reports regarding CPO immobilization [for representative examples, see [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , showing a broad range of enzyme load and retained activity. Reported immobilization techniques range from the use of typical methods such as physical adsorption onto mesoporous materials, talc, and others to the combination of several methods such as CLEA's entrapment in mesoporous materials. One of the main hindrances for the covalent immobilization of CPO is the irreversible inactivation of the enzyme at pH 7 and above [26] , which prevents the use of pH values where most nucleophiles are deprotonated and more reactive. In order to covalently immobilize CPO and generate a biocatalyst with high specific activity, we designed three immobilization strategies through support derivatization and chemical modification of the enzyme, taking into account that the immobilization reaction had to occur under conditions where the stability of the enzyme was ensured and also that the amino acid residues involved in the immobilization had to maximize free access of the substrate to the active site. The support chosen for this study is Eupergit ® C, a commercial acrylic-based material bearing a porous structure with epoxy groups that are amenable to derivatization with nucleophiles. This support displays good mechanical and chemical stability and has been utilized for the immobilization of several proteins [27] .
Experimental methods

Materials
Chloroperoxidase from Caldariomyces fumago ATCC 11925 was produced and purified as previously reported [28] . Eupergit ® C (EC) was obtained from Röhm Pharma. Glutaraldehyde, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), dithiodipropionic acid, 4,4 '-dithiodipyridine, 6-maleimide hexanoic acid N-hydroxysuccinimide ester, p-phenylenediamine, hexanediamine and hydrogen peroxide were purchased from Sigma. Monochlorodimedone was purchased from Alfa Aesar. Other reagents such as phosphate and acetate salts as well as HPLC-grade solvents were from J.T. Baker and Burdick and Jackson, respectively.
Methods
Introduction of thiol groups in CPO
For modification of CPO with thiol groups, 2.5 µM CPO was incubated with 100 molar equivalents of EDC and 20 molar equivalents of dithiodipropionic acid in pH 6 phosphate buffer. The reaction was kept under gentle agitation at room temperature for 4 h. Excess reagent was removed by dialysis; the resulting enzyme was called CPO-dithiodipropionic. Before immobilization and for exposing the free thiol groups, CPO-dithiodipropionic was incubated with 10 molar equivalents of dithiothreitol (DTT) at pH 5, room temperature, and gentle agitation for 2 h. Excess DTT was removed by dialysis; the resulting enzyme was called CPO-thiol. The extent of thiolation was assessed, under non-denaturing conditions, by the reaction of thiol-disulfide exchange between the 4,4 '-dithiodipyridine (4-DDP) and CPO-thiol, by following the appearance of 4-thiopyridone (4-TP) at 324 nm through HPLC [29] .
Activation of Eupergit® C (EC)
In each reaction step 1-1.2 mg of support was used in a volume of 200 µl and excess reagent was removed by extensive washing with distilled water, recovering the support by centrifugation at 10,000 rpm for 2 min. Molar excess of reagents is referred to the reactive functional group, as exemplified in the next section.
Glutaraldehyde activation. EC was incubated with an excess of hexanediamine (7 molar equivalents over epoxy groups) in deionized water and gentle stirring at room temperature for 2 h. After extensive washing, the resulting support (EC-amino) was incubated with 10 molar equivalents of glutaraldehyde (over amino groups) at pH 8.5, room temperature and gentle agitation for 30 min.
Maleimide activation. EC-amino was incubated with one molar equivalent of 6-maleimide hexanoic acid N-hydroxysuccinimide ester at pH 7, room temperature and gentle agitation for 30 min.
Diazonium activation. EC was incubated with an excess of p-phenylenediamine (7 molar equivalents) in deionized water at room temperature and gentle agitation for 2 h. After extensive washing, the resulting support was incubated with 2.5 molar equivalents of HCl and 1 molar equivalent of sodium nitrite at 4 °C and slow stirring for 30 min.
The glutaraldehyde-, maleimide-and diazoniumactivated EC were called EC-glutaraldehyde, EC-maleimide and EC-diazonium, respectively.
Quantification of functional groups present in EC.
Quantification of amino groups. Amino groups were indirectly quantified by the Mohr method [30] . Briefly, the amino-derivatized support was placed in an HCl solution with 3 molar equivalents of Cl -(over epoxy groups); the supernatant was recovered after centrifugation, K 2 CrO 4 was added to a final concentration of 0.25 M and the pH adjusted to 7.5 with NaHCO 3 ; free Cl -was determined by titration with 1.2 M AgNO 3 until a reddish precipitate was observed. The amount of amino groups was calculated as the difference between total Cl -to free Cl -ions. Quantification of aldehyde groups. Aldehyde groups were determined by two methods. The first method based on the quantification of residual glutaraldehyde after EC-amine activation reaction. A volume of 20 µL of supernatant recovered after activation reaction was reacted with 780 µL Schiff reagent, prepared as reported elsewhere [31] . The absorbance at 360 nm was measured and evaluated in a standard curve. The second method quantified reactive aldehyde groups on the material through their reaction with p-phenylenediamine. The material was reacted with 2.5 molar equivalents of p-phenylenediamine (over amino groups) at pH 8.5, room temperature and gentle stirring during 30 min. A volume of 20 µL of supernatant recovered after reaction was diluted to 1 ml with buffer pH 8.5. The absorbance was measured at 304 nm and evaluated in a standard curve. The reactive aldehyde was calculated as the difference between total p-phenylenediamine to residual p-phenylenediamine after reaction.
Quantification of maleimide groups. Maleimide groups were determined by reacting the material with an excess of benzenethiol and quantifying the residual benzenethiol through HPLC. Briefly, the material was incubated with 2 molar equivalents of benzenethiol (over amino groups) at pH 6.5 for 30 min and room temperature with gentle stirring. The supernatant was recovered after centrifugation and the sample was analyzed in a C18 Machery-Nagel 250 mm x 4.6 mm column at 240 nm using a H 2 O-acetonitrile gradient. A proper calibration curve was obtained to quantify the amount of benzenethiol in solution. The maleimide groups were calculated as the difference between total benzenethiol to residual benzenethiol after reaction.
Quantification of diazonium groups. In a similar fashion, diazonium groups were determined by reacting the material with an excess of phenol and quantifying residual phenol through the Folin-Ciocalteau method. Briefly, the material was incubated with 1 molar equivalent of phenol (over arylamino groups) at pH 7.5 for 16 h at 4 °C. The supernatant was recovered after centrifugation and 20 μL were added to 100 μL of Folin-Ciocalteu reagent in 1580 μL distilled water. After 5 min at room temperature, 300 μL of 200 g/L sodium carbonate were added and incubated at room temperature for 2 h [32] . The absorbance at 765 nm was measured and compared to a standard curve to quantify residual phenol.
Immobilization of CPO
EC-glutaraldehyde. 13 µM native CPO was incubated with EC-glutaraldehyde at several molar ratios of CPO:aldehyde groups in buffer at pH 4.5, room temperature and gentle agitation; the reaction time varied from 15 min to 5 h, and its effect on enzyme load and retained activity was evaluated.
EC-maleimide. 3 and 25 µM CPO-thiol were incubated with EC-maleimide in buffer at pH 7, 4 °C, and gentle agitation for 15 hours.
EC-diazonium. 105 µM native CPO was incubated with EC-diazonium at a molar ratio of 1:20 CPO:diazonium ions in buffer at pH 6 or 7.4, 4 °C, and gentle agitation, for up to 20 h.
After every immobilization reaction, all reaction mixtures were centrifuged at 6,000 rpm for 3 min, the supernatant was removed, and the material was washed with 60 mM phosphate pH 6 buffer until no enzyme activity could be detected in the supernatant.
Enzyme activity determination
The halogenase activity of CPO was measured as previously reported [28] . Briefly, reactions were performed in 1 mL of reaction mixture containing 60 mM acetate buffer pH 3, 1 mM hydrogen peroxide, 100 µM monochlorodimedone and 20 mM KCl; the reaction was started by adding the enzyme (soluble or immobilized) and initial rates were calculated from the decrease in absorbance at 278 nm (ε=12200 M -1 cm -1 ). Similarly, typical peroxidase activity was determined in 1 mL-reaction with 5 mM guaiacol in 60 mM phosphate buffer pH 6 and 1 mM hydrogen peroxide, following product generation at 470 nm (ε=26600 M -1 cm
β-estradiol transformation and product analysis
The oxidation of β-estradiol by free and immobilized CPO was performed in a 3-mL reaction comprised of 60 mM buffer (pH 3 to 5.5, acetate; pH 6, phosphate) and 10% isopropanol, containing 8 μM β-estradiol, 20 mM KCl and 1 mM H 2 O 2 . The disappearance of β-estradiol was quantified fluorometrically (λ ex =255 nm, λ em =307 nm). Specific activity was calculated from initial rates, using an extinction coefficient of 25.134 µM -1 cm -1
. At the end of the reaction, the sample was centrifuged and the supernanant was extracted with ethyl acetate, dried under nitrogen and derivatized with 20 µL of N,O-bis(trimethylsilyl)acetamide for 20 min at 60°C. The GC-MS analysis was performed in a GC (Agilent 6890) coupled to a MS detector (Agilent 5973), equipped with a HP-5ms capillary column (30 m x 0.25 mm, 0.25 μm film).
Results
Eupergit ® C (EC) was chosen as support for CPO immobilization; this acrylic-based support is a spherical porous material of 100-250 μm diameter and average 10 nm porous diameter with a density of epoxy groups of around 600-1000 μmol/g. Visual inspection of the residues in CPO surface (1CPO.PDB) using PyMOL v0.99, rendered six possible candidates for covalent immobilization: Y8, Y10, K145 and K211 and to a lesser extent K112 and Y288. All these residues share several key properties: the terminal functional group (primary amine and phenolic hydroxyl, respectively) is exposed to the solvent, they are distant from the access to the active site, and are not sterically impeded by glycosylation ( Figure 1) ; furthermore, they are amenable to form stable covalent bonds with certain groups. For instance, the ortho position of phenolic hydroxyl is susceptible to electrophilic attack by diazonium ions, generating an azo compound. On the other hand, although lysine residues cannot be used in nucleophilic reactions under optimal conditions (i.e. at basic pH) due to CPO instability, it may be possible to activate them in order to generate functional groups that are reactive under the desired conditions. Other reactive functional groups such as carboxylic or imidazol moieties are either near the active site or too buried into the protein structure to be good candidates for immobilization.
First, we tested the ability of unmodified EC to retain CPO. No activity could be detected in the support after incubation with the enzyme at pH 6, highlighting the low reactivity of CPO lysine residues under these conditions and suggesting that no significant adsorption into the pores occurred.
Immobilization of CPO through tyrosine residues
In order to test immobilization of CPO through tyrosine residues, we activated EC with p-phenylenediamine and then with NaNO 3 , obtaining a material with a relatively high density of arylamine groups but a low density of diazonium groups (94% and 33% of original epoxy groups, respectively) ( Figure 2a ). Appropriate controls show that the enzyme interacts with arylamino groups; up to 1700 U/g were detected but complete enzyme desorption occurred within 12 h of incubation at room temperature. Regarding the reaction between diazonium ions and phenolic hydroxyl, the optimum pH is 7-8 at room temperature, and the reaction is relatively fast (i.e. 1 h) [34] . However, due to rapid inactivation of CPO at neutral or higher pH, we performed the reaction at pH 6 and 7.4 at 4°C, where the stability of the soluble enzyme is improved as shown in Table 1 . At pH 7.4 and after 16 h of reaction, the specific activity of the biocatalyst was only 360 U/g. The best results were obtained at pH 6. Under these conditions, the protein load increased with reaction time, achieving a maximum after 17-20 h of reaction. The resultant biocatalyst with a specific activity of 18,000 U/g may be compared with the best results presented in the literature [35] . However, we noticed enzyme leaching upon incubation in buffer pH 6 at room temperature, with a 50% desorption after 2 h and 80% desorption after 5 h (Fig. 2b) . In order to explain the instability of the interaction, we measured the content of diazonium ions in the support upon incubation in buffer pH 6 and room temperature and observed a steady decrease, reaching zero after 15 h (Fig. 2b) . Diazonium ions are highly reactive and in aqueous solution they may decompose to phenol moieties [34] . Although highly exposed to the solvent, tyrosine residues in CPO may not be reactive enough, due to steric impediments of the bulky diazonium ions. In an effort to increase the reactivity of the phenolic moiety in tyrosine residues by reducing the pKa, we performed a chemical modification of the protein with nitro groups as reported elsewhere [36] ; however, a very low modification percentage of 5% was obtained. On the other hand, the numerous carboxylic acids in the enzyme surface may interact favorably with the positive charges of the diazonium ions in the support. Thus, it is likely that the observed enzyme immobilization is due to electrostatic interactions between the enzyme (pI=4.5) and diazonium ions, instead of covalent interactions as initially intended. Interestingly, the preparation could be stabilized by incubation in a mixture of t-butanol and water (80:20 v/v). It has been previously reported that CPO is active in such systems, which have the advantages of allowing higher concentrations of hydrophobic substrates [37] . In this medium, the biocatalyst had an activity two orders of magnitude lower compared to the activity in aqueous system, using guaiacol as the substrate model. No enzyme leaching could be detected after 20 h incubation in the solvent-water mixture; the biocatalyst slowly inactivated in this medium, with a t½= 30 h (Fig. 3) .
Immobilization of CPO through lysine residues
Regarding lysine residues as candidates for immobilization, we explored two alternatives: using lysines to generate a unique functional group in the enzyme surface or using glutaraldehyde-mediated immobilization reactions under acidic pH as reported elsewhere for other supports.
Immobilization of CPO-thiol in EC-maleimide
Aiming to generate a unique functional group in CPO´s surface, we performed chemical modification of lysine residues using carbodiimide chemistry to generate free thiols. Thiols may be used to immobilize CPO as they react specifically with maleimide at nearly neutral pH. CPO has three cysteine residues, but none of them is highly reactive or solvent exposed, as two of them are forming a disulfide bond and the third one is coordinating the heme iron. Thus, the introduction of a new thiol group on the surface of the protein and in a distant region from the active site, could render a highly active biocatalyst. The enzyme was modified with a dithiol in a two-step procedure (Scheme 1, B1 and B2); quantification of free thiols showed the generation of at least 3.5 free thiols, Table 1 . Stability of soluble CPO upon incubation at different pH and temperature. which agrees with our initial observation of three reactive lysine residues. Due to chemical modification, the enzyme suffered a 40% activity loss. Other lysine residues are present in the protein, although it is unlikely that they are modified (see Figure 1 ). K177 is on the same face of access to the heme iron in the active site, however in the crystallographic structure the residue is partially buried in the protein and the terminal amino group is pointing towards the protein core. On the other hand, K115 is also partially buried in the protein with the terminal amino group barely exposed to the solvent. Next, EC was sequentially modified first with an aliphatic diamine and then with a bifunctional cross-linker, in order to introduce a maleimide moiety (EC-maleimide, Scheme 1, Reaction A). Surprisingly, the material displayed a high functional group density of approximately 1900 and 1400 μmol amine and maleimide groups/ g of support, respectively, higher than the reported value of 1000 μmol epoxy groups/g present in the support. Chemically modified CPO was reduced just before the immobilization reaction in order to expose the free thiol (Scheme 1, Reaction B). Upon immobilization at pH 7 and 4 °C for 15 h, immobilized CPO retained 100% activity with no detectable leaching after 24 h of incubation. When using a low protein concentration for immobilization, low efficiency and low load of 0.4 mg of CPO/ g of support was accomplished, thus obtaining a biocatalyst with a relatively small specific activity of 200 U/g. However and as expected, by increasing the protein concentration to 25 µM, the load increased to 50 mg of CPO/ g of support with a ca. 100% immobilization efficiency and a specific activity of 25000 U/g. This preparation was further characterized as described in section 3.3.
Incubation conditions t ½ (h)
pH
Immobilization of CPO in EC-glutaraldehyde
The second alternative was to directly immobilize on glutaraldehyde-derivatized EC at acidic pH. Previous reports of CPO immobilization on amine-activated acrylic magnetic nanospheres using glutaraldehyde showed high activity retention under these reaction conditions [25] . CPO covalent immobilization using glutaraldehyde may be explained by the peculiarity of glutaraldehyde to form oligomers at acidic pH, a behavior not observed for other dialdehydes [38] . After activation of EC-amine with glutaraldehyde, a high aldehyde content of 2750 μmol /g support was quantified. Moreover, by measuring residual glutaraldehyde in solution, we found the stoichiometry of reacted glutaraldehyde to amino groups in the support to be 9:1, thus suggesting the formation of glutaraldehyde oligomers on the support. The effect of reaction time on the load and the retained activity of CPO is shown in Figure 4a ; the enzyme immobilization is very fast as enzyme load is already 35 mg CPO/g support after 15 min of reaction and reaches a maximum of 62 mg CPO/g support after 5 h of reaction. However, retained activity presents a slight decrease, from 16% to 11% after 15 min and 5 h of reaction, respectively. The combination of increasing load and decreasing retained activity leads to a peak in the specific activity of 6,870 U/g support after 2.5 h of reaction. Furthermore, we observed a half-desorption time of 20 h, evaluated at pH 6 and room temperature (Fig.  4b) . Because the immobilization reaction was performed at room temperature and pH=4.5, activity loss due to CPO instability under the reaction conditions is ruled out. On the other hand, it is well known that although glutaraldehyde mainly reacts with lysine residues it can also react with higher retention times than β-estradiol (Figure 6b ). The MS profile indicates the presence of two species with +34 (17.44 and 17.69 min) corresponding to the introduction of one Cl atom ( Figure 7 ). It is possible that the halogenated positions correspond to 2 and 4, as it has been reported the reactivity of these positions in other enzyme-catalyzed oxidations [39, 40] . Moreover, a dichlorinated species (+68) is also detected at 19.63 min (Figure 7 ).
cysteine , tyrosine and histidine residues [38] . Moreover, it has been reported that the stable union of proteins to supports through glutaraldehyde occurs not only through the formation of the Schiff base between the aldehyde and amino groups but also through other bonds between the lysine residues and polymers of glutaraldehyde [38] . The immobilization reaction was repeated in the presence of a reducing agent, cyanoborohydride, in case a Schiff base was being formed. However, no significant changes were observed regarding the protein load or the desorption behavior of the biocatalyst.
β-estradiol biotransformation catalyzed by free and EC-immobilized CPO.
In order to further characterize the catalytic properties of the immobilized enzyme, we selected the EC-thiol-CPO preparation due to its excellent retention of activity with β-estradiol as model compound. At pH 6 and in the absence of chloride, no reaction could be detected in the presence of either soluble or immobilized CPO. Nevertheless we observed that in the presence of chloride (i.e. halogenase conditions) β-estradiol was consumed. Figure 5 depicts the specific activity of soluble and immobilized enzyme as a function of pH and temperature. As expected for halogenation reactions, the activity is higher at acidic pH. The profiles are similar for soluble and immobilized enzyme, however a slightly higher relative activity at 45°C is observed for immobilized CPO, as expected due to covalent attachment to solid supports and resulting protection to denaturing conditions. Under all conditions tested, we observed that the specific activity is approximately 30-40% for immobilized CPO compared to the soluble form. The acetyl acetate-extract analyzed by GC-MS revealed the presence of residual β-estradiol ( Figure  6a and b, 16.24 min) and three new species at slightly 
Discussion
In this work, several covalent immobilization strategies for CPO were explored. We chose the commercially available Eupergit ® C (EC) as porous support; the advantage of immobilizing enzymes in mesoporous materials usually translates into improved stability, as reported elsewhere [41] [42] [43] . Due to the approximate dimensions of CPO (65 Å globular diameter), EC is appropriate for immobilizing this enzyme.
By combining chemical modification of the enzyme and support derivatization, we obtained biocatalysts with different degrees of enzyme loading and retained activity. High inactivation was observed when using glutaraldehyde as immobilizing agent, whereas low inactivation was observed with maleimide and diazonium ions. We discovered that although an initial interaction with the support was observed, in some cases enzyme leaching occurred. Interestingly, we showed that the E-diazonium support could retain CPO activity for longer times when utilized in a reaction mixture containing 80% of t-butanol, due to low solubility of the free enzyme in this medium. As shown in Table 2 compared with other reports in the literature, the best results were obtained with the immobilization of chemically modified CPOthiol on maleimide-activated EC (high protein load of 50 mg/g, 100% retained activity and a remarkable high activity, up to 25000 U/g), which was also the most stable biocatalyst in terms of protein leaching. The other biocatalysts showed some interesting properties, such as the high protein load (up to 62 mg/g) obtained by direct immobilization of CPO to glutaraldehyde-activated EC, among the highest reported so far for this enzyme; in terms of specific activity, the EC-diazonium based biocatalyst showed a high value of 18,000 U/g and was active in a reaction medium containing 80% organic solvent. This exploration allows for the selection of the most promising immobilization procedure.
In addition to the immobilization study, we demonstrated the halogenation of β-estradiol with the immobilized enzyme. β-estradiol is utilized in fertility and hormonal replacement treatments and has been shown to be carcinogenic and an endocrine disruptor [44, 45] . For this application, we selected the EC-thiol-CPO, because it gave the highest specific activity (25,000 U/g support) and 100% retained activity (with monochlorodimedon as standard substrate). In this case, when using β-estradiol as substrate we observed a limited catalytic activity for the immobilized enzyme, when compared to the soluble form. This phenomenon is frequently observed for immobilized enzymes in porous supports [41] . In this case, where the immobilized enzyme was shown to Table 2 . Characteristics of EC-based CPO biocatalysts and comparison to other covalent immobilization on porous materials reported in the literature.
Material used for immobilization
Enzyme load (mg/g) Retained activity (%) Ref. retain 100% activity with a standard substrate, the lower activity may be attributed to mass transfer effects due to unfavorable substrate partition into the interior of EC. Interestingly, transformation of β-estradiol only occurred under halogenase conditions, but not under peroxidase conditions. Products were identified as mono-and di-chlorinated β-estradiol; probable halogenation sites are position 2 and 4 (marked with one and two asterisks in Scheme 2). Although the toxicity of these compounds was not assessed in this work, it has been reported that halogenated derivatives of β-estradiol may be less toxic to humans and retain little of its estrogenic activity [46] ; thus, an enzymatic treatment with CPO may reduce the toxicity of this and related compounds. In summary, in this work we described a detailed, carefully quantified procedure for chloroperoxidase immobilization in a commercial mesoporous support. Support derivatization and chemical modification of the enzyme were combined to achieve both a high protein load and a high percentage of retained activity. The best preparation, based on a chemically modified enzyme with unique solvent-exposed thiol groups, was utilized for the halogenation of β-estradiol in a reaction that represents an application suitable for bioremediation and pharmaceutical transformation.
EC-diazonium
